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Department of Zoology, The Ohio State University
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Abstract.— Manipulating forage fish populations to enhance sport fisheries is a common man-
agement practice. Here we review the literature dealing with manipulations of gizzard shad Doroso-
ma cepedianum and threadfin shad D. petenense to assess whether or not this practice has been
successful. Shad introduction has tended to enhance predators, such as white crappie Pomoxis
annularis, black crappie P. nigromaculatus, and largemouth bass Micropterus salmoides, and neg-
atively affect presumed competitors, such as bluegill Lepomis macrochirus. However, responses
have not been consistent within a species: some studies document negative responses of predators
or positive responses of competitors to shad introduction. Depending on the study, target species
have experienced negative, neutral, and positive effects due to shad removal, making generalizations
impossible. Inadequate statistical analyses coupled with problems with study design further com-
plicated interpretation of these studies. In addition, because resident predators feeding on intro-
duced prey constitute only a portion of the complex of interactions that occur in a lake, factors
such as multiple trophic levels, ontogenetic shifts in diet and habitat, and spatial heterogeneity
must be considered when attempts are made to predict the outcome of forage-fish manipulations.
Approaches used by fisheries biologists to man-
age aquatic systems for sport-fish production have
evolved during the past 40-50 years. Initially,
management practices emphasized single-species
approaches, such as stocking game fish, limiting
catch, and instituting length limits and seasons.
Since the 1950s, however, managers have also ma-
nipulated forage fishes to enhance predator growth.
These practices have become widespread (see re-
views in Ney 1981; Noble 1981; Wydoski and
Bennett 1981; Noble 1986), contributing to the
variety of tools available for managing lakes and
reservoirs. Though these manipulations some-
times positively influence target species, negative
results also have been documented, suggesting the
need for an assessment of the overall benefits of
this practice. Herein we review the results of for-
age-fish manipulations to determine whether such
manipulations tend to improve a fishery or pos-
sibly contribute to its decline.
Given that forage-fish manipulation may pro-
duce responses in sport fishes that are specific to
the prey being manipulated, we chose to limit our
review to manipulations involving related forage
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fishes. A number of taxa have been manipulated,
including members of Atherinidae, Catostomidae,
Clupeidae, Coregonidae, Cyprinidae, and Perci-
dae (e.g., see references in Ellis 1978; Ney 1981;
Noble 1981; Wydoski and Bennett 1981; Moyle
1986; Werner 1986). However, our search re-
vealed that shad (both gizzard shad Dorosoma ce-
pedianum and threadfin shad D. petenense) were
manipulated at least 10 times more often than any
other group. Because we wanted to draw conclu-
sions as to the overall effect of forage-fish manip-
ulations across a wide range of systems, the num-
ber of published studies was an important
consideration. Furthermore, both species of shad
are important forage species in much of North
America (Lewis and Helms 1964; Aggus 1974;
Carline et al. 1986; Johnson el al. 1988). Thus,
our review is limited to studies of manipulations
involving shad.
Methods
We considered an introduction to be the addi-
tion of a shad to a system not containing that
species. Introductions included deliberate stock-
ings, accidental introductions (e.g., shad inadver-
tently introduced when another species was
stocked), or additions due to unknown causes (e.g.,
unauthorized persons stocking fish or fish moving
downstream into a lake). Removals were any mea-
surable reduction of a shad population, including
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210 DEVRIES AND STEIN
deliberate removals as well as reductions due to
winterkill.
All studies were evaluated against objective cri-
teria to determine whether a paper would make a
meaningful contribution to our ability to gener-
alize from the review. Though we considered a
variety of criteria, only two determined whether
a study would be included. First, we required doc-
umentation of the success of an introduction or
removal. Shad abundance estimates from pre- as
well as posttreatment years were necessary to per-
mit valid comparisons across years, before and
after the manipulation. Without these data, changes
in the target species might reflect normal year-to-
year variability rather than changes resulting di-
rectly from the manipulation. For shad introduc-
tions, this criterion was loosely applied; if shad
were sampled from the lake after introduction, we
considered the introduction successful. We in-
cluded studies with either explicit sampling for
shad or the presence of shad in the diets of predator
fishes. Similarly, removal success was documented
by sampling after a removal to quantify a reduc-
tion in abundance or to demonstrate complete ab-
sence of shad. Our second criterion was that the
variable of interest (e.g., length at age, harvest) had
to be quantified both before and after the manip-
ulation. Posttreatment data had to be compared
explicitly to pretreatment data collected in a sim-
ilar way for changes to be attributed to the ma-
nipulation. For our purposes, back-calculated
growth rates were acceptable for comparisons.
Studies meeting both criteria are discussed below.
Results
Shad manipulations have occurred in a broad
geographic band through the midwestern USA,
from Oklahoma and Kansas east to Virginia (Fig-
ure 1). Fewer manipulations occurred in the south-
eastern and southwestern portions of the country,
and none occurred in the upper Midwest, the Pa-
cific Northwest, or the northeastern USA. Almost
no manipulations occurred within the native range
of the threadfin shad (Figure 1). Manipulations
outside the native range of threadfin shad should
seemingly only have been introductions; however,
20% of manipulations of threadfin shad outside
their range were removals, including studies of
reduction due to winterkill or predator addition.
Only one threadfin shad manipulation involved a
deliberate removal. In contrast, about 80% of the
gizzard shad manipulations involved removal
rather than addition (Figure 1). No reports were
found on gizzard shad introduction into lakes out-
side their native range. Thus, threadfin shad were
stocked more commonly as a forage fish, whereas
gizzard shad were removed more commonly (Fig-
ure 1). This observation reflects two facts: (1)
threadfin shad has a much smaller native range
than gizzard shad, and (2) threadfin shad is viewed
as a more desirable forage species than gizzard
shad due to its smaller maximum size.
Of 60 papers dealing with shad manipulations,
43 dealt with shad introductions and 17 with shad
removals (Tables 1, 2). Forty-four percent of the
introductions and 33% of the removals met both
of our criteria. Target species examined in studies
that met both criteria were almost exclusively sport
fishes. Most often studied were largemouth bass
Micropterus salmoides (in 16 introductions and 6
removals), white crappie Pomoxis annularis and
black crappie P. nigromaculatus (14 introductions
and 6 removals), and bluegill Lepomis macrochi-
rus (12 introductions and 5 removals). Species
studied less often included walleye Stizostedion
vitreum (three introductions), smallmouth bass
Micropterus dolomieui (three introductions), green
sunfish Lepomis cyanellus (one introduction),
spotted bass Micropterus punctulatus (one intro-
duction), and redear sunfish Lepomis microlophus
(one removal). In addition, changes in the zoo-
plankton community due to three shad introduc-
tions were examined.
The variable used most often to determine shad
effects, in both introductions and removals, was
some estimate of growth, such as length at age (13
introductions and 3 removals). Catch, catch per
unit effort, and total harvest (nine introductions
and one removal), condition factor and relative
weight (six introductions and one removal), and
diet (four introductions) also were evaluated.
Responses to Manipulations
Because largemouth bass, crappies (black and
white), and bluegill were clearly the most frequent
target species, we chose to evaluate the effects of
shad manipulations on these species. The poten-
tial influence of shad follows from the functional
roles of the four target species in aquatic systems.
We expected growth of piscivores, such as large-
mouth bass and crappies, to increase when shad
were added. Bluegill, as a potential competitor with
shad, should have grown more slowly after shad
were added. In turn, removing shad should reduce
piscivore growth and increase that of competitors.
We categorized the overall outcome of each ma-
nipulation as positive, neutral, negative, or mixed.
For example, when all monitored variables asso-
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FIGURE 1.—Map representing the distribution of U.S. water bodies where gizzard shad (gs) and threadfin shad
(ts) were introduced or removed. Superimposed on the map is the natural range of these two species (from Trautman
1981). Lake numbers correspond to numbers used in Tables 1 and 2 and in Figures 2 and 3.
ciatcd with a target species showed positive re-
sponses to shad manipulation, the overall result
for the target species in that study was positive. If
some variables indicated improvement whereas
others did not (i.e., they were either neutral or
negative), then results were mixed. Because most
studies (i.e., 80% of introductions and 71% of re-
movals meeting both of our criteria) did not in-
clude statistical analysis or estimates of variation
around measured variables, we could not objec-
tively determine whether or not the response of a
target species was significant. Thus, we had to rely
on author-generated conclusions from each ma-
nipulation.
As expected, the response of crappies to shad
addition was skewed toward positive effects (seven
studies), but two studies documented negative ef-
fects, two documented neutral effects, and three
revealed mixed responses (Figure 2). Similarly, the
response of largemouth bass to shad introduction
was skewed toward positive effects (seven studies),
but nine studies demonstrated negative, neutral,
or mixed responses (Figure 2). Bluegill, as a po-
tential competitor with shad, had fewer positive
responses to shad addition than did crappies or
largemouth bass (one study), but only three studies
revealed negative effects (Figure 2). Shad removal
led to highly variable results for all four species
(Figure 3). All species experienced positive, neu-
tral, and negative effects from shad removal, with
each category containing one or two responses,
making generalizations impossible.
Discussion
We were not able to generalize about how shad
influence sport fishes. Although bluegill appeared
to be more negatively affected by shad than crap-
pies, the response of largemouth bass being inter-
mediate between the two, we cannot draw definite
conclusions because the entire range of results oc-
curred for each target species. We will address two
possible reasons for this lack of generalization, af-
ter which we will discuss several ideas that can
improve our understanding of studies of species
manipulations. Finally, we will present an alter-
native approach for studies designed to evaluate
the overall impact of species manipulations.
Why No Generalizations?
Changes in response variables due to shad ma-
nipulation were difficult to interpret because most
investigators did not analyze their data statist!-
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TABLE 1.—A summary of studies of shad introductions. Study numbers refer to lake locations in Figure 1. A plus
sign (+) following a study number indicates studies meeting criteria 1 and 2.a Results from studies that met criteria
1 and 2 were used to generate our primary conclusions about the effects of shad introduction. Y = criterion met;
N = criterion not met; NA = introduction was unsuccessful.
State and waters
California
Millerton Reservoir
Pine Flat Reservoir
Lake Naciemiento
Isabella Reservoir
Sutherland Reservoir
El Capitan Reservoir
Ari/ona
Lake Powell (Arizona and Utah)
Lake Havasu
Alamo Lake
Roosevelt Lake
Pena Blanca Lake
Patagonia Lake
Kansas
Geary State Fishing Lake
Lyon State Fishing Lake
(=Lake Reading)
Osage State Fishing Lake
Iowa
Lake Geode
Missouri
Worth County Community Lake
Hunnewell Lake
Jamcsport Community Lake
Pony Express Lake
Little Dixie Lake (TS)d
Little Dixie Lake (GS)d
Illinois
Argyle Lake
Spring Lake
Little Grassy Lake
Lake of Egypt
Mississippi
Lake Paho
Tennessee
Great Falls Lake (GS)d
Great Falls Lake (TS)d
Cheatham Lake
Crossvillc City Reservoir
Lake Woods
McMinnvillc City Lake
Center Hill Reservoir
Dale Hollow Reservoir
Old Hickory Reservoir
Norris Lake
Cherokee Lake
Douglas Lake
South Holston Reservoir
Watauga Reservoir (GS)d
Watauga Reservoir (TS)d
Alabama
Auburn University ponds
Georgia
Blackshear Lake
Study
numbcrb
1
2
3
4 +
5
6
7a+
7b+
8+
9+
10
11
12 +
18 +
I9a +
I9b +
20+
24+
25
26
27
29
30a+
30b+
31 +
32 +
33
34 +
35 +
40
40
41
42
43
44
45
46
46
46 +
47
48
49
51
52
53
53
56
56 +
57
Criterion8
1
N
N
N
Y
N
N
Y
Y
Y
Y
Y
N
Y
Y
Y
c
Y
Y
N
N
N
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
Y
N
Y
Y
Y
Y
Y
Y
Y
Y
N
Y
N
N
Y
Y
2
Y
Y
N
Y
Y
Y
Y
Y
Y
Y
N
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
N
Y
Y
N
N
N
N
N
N
N
N
N
Y
N
N
N
N
N
N
N
Y
Y
N
3
N
N
Y
Y
Y
N
N
N
Y
N
N
N
N
Y
Y
c
Y
N
Y
Y
Y
Y
Y
Y
N
N
Y
Y
Y
N
Y
N
Y
Y
Y
N
Y
N
Y
N
Y
N
Y
Y
N
Y
Y
Y
Y
4
N
N
N
N
N
Y
Y
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
Y
Y
N
N
N
N
N
N
N
N
Y
N
Reference
Miller (1971); VonGeldern and Mitchell (1975)
Miller (1971)
VonGeldern (1971)
Bartholomew ( 1 966)
LaFaunce et al. (1964)
Fast etal. (1982)
Hepworth and Gloss (1976)
Hepworth and Pettengill (1980); May and Thompson
(1974); May etal. (1975)
Kimsey etal. (1957)
Ziebell etal. (1986)
Beers (1965); Beers and McConnell (1966)
McConnell and Gcrdes (1964)
Ziebell etal. (1986)
Mosher(1984a)
Mosher(1984a)
Prophet (1982, 1985, 1988)
Mosher(1983, 1984a, 1984b)
KJinc(1983)
Rasmussen and Michaelson (1974); Eder (1983)
Bnimmeu(1983)
Rasmussen and Michaelson (1974); Eder (1983)
Eder (1983)
Norwat(1978)
Anderson(1983)
Russell (1983)
Jahn(1983)
Heidinger and Imboden (1974)
Heidinger(1977)
Neuswanger(1983)
Fetterolf(1957)
Fetterolf(1957)
Fetterolf(1957)
Fetterolf(1957)
Fetterolf(1957)
Fetterolf(1957)
Fetterolf(1957)
Fetterolf(1957)
Myhr(1971)
Range (1973)
Fetterolf(1957)
Fetterolf(1957)
Fetterolf(1957)
Fetterolf(1957)
Fetterolf(1957)
Fetterolf(1957)
Felterolf(1957)
Davies etal. (1979)
Kirk (1984); Kirk and Davies (1987)
Wyatt and ZeIIer (1965); Teller and Wyatt (1967)
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TABLE 1.—Continued.
State and waters
Study __
number*5 1
Criterion8
Reference
Virginia
Lake Brittle 59 +
Lake Burke 60+
Claytor Lake 61 +
Philpott Lake 62 +
Carvin Cove Reservoir 63
Kerr Reservoir 64
Pennsylvania
Conowingo Pond 66 +
Muddy Run Pond 664
Percentage of studies meeting each
criterion
Y Y Y N McHugh( 1980, 1983)
Y Y Y N McHugh( 1980, 1983)
Y Y Y N Domrose(1963)
Y Y Y N Domrose(1963)
NA Y Y NA Domrose(1963)
NA Y Y NA Domrose(1963)
Y Y N Y Heiseyetal. (1980)
Y Y N Y Heiseyetal. (1980)
72 63 63 13
a
 Criteria: 1 = success of the introduction is documented; 2 = pre-introduction data are presented; 3 = the actual introduction
conditions are documented; 4 = some estimate of variation is presented or data are statistically tested.
b
 Different letters after a study number indicate multiple studies of an introduction into the same waters for which criteria 1 and
2 are both met.
c
 This study was of the same introduction reported in study 19a, so satisfaction of criteria is not reflected in percentages at the
bottom of the table (i.e., not duplicated).
d
 Separate studies for the introduction of thread fin shad (TS) and gizzard shad (OS) into the same water body.
cally. We were unable to determine whether
"trends" in pre- versus postmanipulation data
represented real differences or just random vari-
ation with no differences in mean values. Thus,
we had to rely on the author's conclusions for
determining the overall effect of shad on target
species, which introduced investigator bias as a
factor that might be responsible, in part, for the
skew in our results. If an investigator expects shad
to enhance predators (or negatively influence com-
petitors), then positive (or negative) results may
be accepted, even though response variables do
not differ statistically between pre- and postma-
nipulation sampling periods. It is possible that,
among the range of responses obtained, some stud-
ies yielded significant differences, whereas others
had only nonsignificant "trends." If the significant
differences were all positive or negative for a given
species, and if the remainder were neutral "trends,"
then results might be generalizable. Valid conclu-
sions only can be reached by statistically compar-
ing data from before and after the treatment.
In addition, most studies focused on the effects
of shad on adult sport fish, the life stage of interest
to anglers. Fish at other life stages can be affected
by these manipulations, and their responses will
influence the ultimate outcome of the manipula-
tion. Young-of-year fishes feed on zooplankton
(e.g., Cramer and Marzolf 1970; Barger and Ki-
lambi 1980; Keast 1980, 1985a; Van Den Avyle
and Wilson 1980; Lemly and Dimmick 1982; Ma-
thias and Li 1982) and may compete with zoo-
planktivorous shad. Several studies included in
our review (Prophet 1982, 1985, 1988; Ziebell et
al. 1986; see also DeVries 1989) documented how
shad can severely depress zooplankton abundance.
This effect on zooplankton may reduce recruit-
ment of such sport fishes as bluegill and crappies,
whose limnetic larvae feed on zooplankton for as
long as 4-6 weeks (Werner 1967,1969; Keast 1980;
Beard 1982). The negative effect of reduced zoo-
plankton abundance on sport-fish recruitment
would not be detected for several years in studies
focused on adult sport fish. Almost no studies re-
viewed here included data on the abundance of
young-of-year sport fish (but see Kirk and Da vies
1987; Kirk et al. 1986); if they had, negative effects
of shad introductions may have been more evi-
dent.
How Can We Improve Studies
of Forage-Fish Manipulations?
Assessment of forage-fish manipulations can be
improved by careful attention to initial study de-
sign and additional data collection. Though we do
not argue that the following is the formula for a
perfect study, we believe these features should be
considered when forage-fish manipulations are
contemplated.
Describe the site. — Basic descriptive informa-
tion, including nutrient levels, size structure of
predator populations, etc., should be reported to
permit comparison among systems. For example,
availability of structure, such as macrophytes, or
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TABLE 2.—A summary of studies of shad removals. Study numbers refer to lake locations in Figure 1. A plus
sign (+) following a study number indicates those meeting criteria 1 and 2.a Results from studies that met criteria
1 and 2 were used to generate our primary conclusions about the effects of shad removal. A dash in place of a study
number indicates a lake not on Figure 1. Y = criterion met; N = criterion not met; NA = introduction was unsuc-
cessful.
Slate and waters
Texas
Lake E.V. Spence
Medina Lake
Oklahoma
Lake Murray
Spavinaw Lake
Lake Eucha
Iowa
Prairie Rose Lake
Lake Ahquabi
Blackhawk Lake
Missouri
Deer Ridge Community Lake
Kentucky
Shanty Hollow Lake
Carpenter's Lake
Hcrrington Lake
Dewey Lake
Tennessee
Watts Bar Reservoir
Alabama
Chambers County Lake
Lee County Lake
Georgia
Blackshear Lake
Lake Jackson
Florida
Deer Island Lake
Lake Bculah
Percentage of studies meeting each
criterion
Study
number
13
14'
15-
16
17
21
22
23
28+
36*
37
38
39*
50a
50b
54
55
57*
58'
65
—
Criteria8
1
Y
Y
Y
N
N
N
N
Y
Y
Y
Y
Y
Y
N
b
N
N
Y
Y
Y
Y
65
2
N
Y
Y
N
N
Y
Y
N
Y
Y
N
N
Y
Y
Y
Y
Y
Y
Y
N
N
62
3
N
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
Y
b
Y
Y
Y
Y
Y
Y
85
4
N
Y
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
N
Y
N
N
10
Reference
Morris and Follis ( 1979)
Dietz and Jurgens ( 1 963)
Sandoz(1956)
Jackson (1966)
Jackson (1966)
Putnam(1983)
Putnam(1983)
Rose (1957)
Brummett (1983)
Smith (1959)
Smith (1959)
Smith (1959)
Smith (1959)
McGecetal. (1979)
McLeaneial. (1985)
Kirk (1984); Kirk et al. (1986)
Moss and Reeves (1983)
Wyatt and Zeller (1965); Zeller and Wyatt (1967)
Ellis(1981)
Huish(1958b)
Huish (1958a)
a
 Criteria: I - success of the removal is documented; 2 = pre-removal data are presented; 3 = the actual removal conditions are
documented; 4 = some estimate of variation is presented or data arc statistically tested.
b
 This study was of the same removal reported in study 50a, so satisfaction of criteria is not reflected in percentages at the bottom
of the table (i.e., not duplicated).
turbidity might influence the vulnerability of shad
to predators (e.g., Vinyard and O'Brien 1976; Sa-
vino and Stein 1982, 1989a, 1989b). In addition,
monitoring sport-fish harvest is critical because
increased angling mortality could obscure long-
term population responses. Both abiotic and biotic
variables must be monitored through time.
Manipulate only one variable. —Often, more than
one manipulation occurred simultaneously within
a single lake (e.g., introduction of brook silversides
Labidesthes sicculus and shad simultaneously; size
limits imposed during a shad manipulation).
Clearly, such multiple management strategies con-
found interpretation of the results from any one
manipulation. However, given that the goals of
fisheries management (e.g., improved angling) typ-
ically differ from the goal of fisheries research (un-
derstanding the mechanisms by which manage-
ment manipulations effect changes in a fishery),
manipulation of more than one variable may be
necessary. Though we may accomplish manage-
ment goals with multiple simultaneous manipu-
lations, we learn little of underlying reasons for
success or failure. Consequently, our ability to gen-
eralize about how particular manipulations influ-
ence the fish community has been compromised.
Further, because the response of a fishery to mul-
tiple simultaneous management strategies will
likely involve interaction among strategies, inter-
pretation of the role of any one strategy will be
impossible. When possible, we recommend ma-
nipulating only a single variable.
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FIGURE 2. —Proportions of shad introductions that caused negative, neutral, positive, or mixed effects on white
and black crappies, largemouth bass, and bluegill. To apportion studies into these categories, author-generated
conclusions and interpretations were used. The total number of introductions (n) is given in parentheses. Numbers
within bars refer to the lakes and introductions in Figure 1 and Table 1.
Document manipulation success.— The influ-
ence of stocking or removing forage fishes depends
on the extent of the manipulation itself. An in-
crease from 0 to 5 prey/m2 is certainly a substan-
tive change that should cause predators to re-
spond. In contrast, how much must a shad
population be reduced to reduce competition be-
tween shad and sport fishes? The size of forage-
fish populations must be estimated so managers
can judge the extent of the response against the
magnitude of the manipulation. In addition, to
assure that predators directly benefit from an in-
troduction, predator diets should be quantified be-
fore and after manipulation. Only in this fashion
can we explicitly link changes in predator growth
with the introduction. Finally, in studies of shad
removal, the effects of the removal process on the
target species, as well as its effects on the forage
species, must be considered. If the target-species
population is reduced, improved growth might oc-
cur due to reduced intraspecific, rather than in-
terspecific, competition.
Additions versus removals.— Strong, sustained
manipulations are required to detect system re-
sponses (Walters 1986; Carpenter 1989). Conse-
quently, removals (partial removals in practice)
are far less powerful than additions for elliciting a
response (Carpenter 1989). Because shad are ex-
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FIGURE 3.—Proportions of shad removals that caused negative, neutral, positive, or mixed effects on white and
black crappies, largemouth bass, and bluegill. To apportion studies into these categories, author-generated conclu-
sions and interpretations were used. The total number of removals (n) is given in parentheses. Numbers within
bars refer to the lakes and removals in Figure 1 and Table 2.
tremely fecund, the effects of a 50% reduction in
the adult shad population may only be measurable
over a single season. By the following year, a large
forage-fish year-class could return the population
to its original size. Though the introduction of
shad may not result in an established population,
quantifying this result is far easier than attempting
to estimate the proportion removed. The difficulty
of shad removal was substantiated by our review.
Though results from shad additions were skewed
(possibly influenced by investigator bias), no trends
were apparent from removals. All target species
experienced positive, neutral, and negative effects
from shad removal. Consequently, if we are at-
tempting to assess shad effects on ecosystem pro-
cesses, effects are more likely to result from ad-
ditions than from removals.
Include a reference system. —Studies of forage-
fish manipulations typically involve data collec-
tion across several years before and after the ma-
nipulation. To permit unambiguous interpretation
of these manipulations, an unmanipulated refer-
ence lake (Likens 1985) should be monitored such
that changes in the treatment lake can be explicitly
attributed to the manipulation and not to year-to-
year environmental variation. Though we recog-
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nize that the selection and use of a reference lake
may be unrealistic in large (>200-hectare) sys-
tems, the use of such lakes is critical to the inter-
pretation of study results and may be reasonable
for smaller systems; consequently, we discuss their
use in this latter context.
The process by which an appropriate reference
lake is selected is critical to interpretation of re-
sults. Lakes to be manipulated and those to be
used as reference sites must be matched as closely
as possible in terms of both biotic and abiotic
variables (e.g., lake morphometry, shoreline de-
velopment, abundance and type of vegetation,
predator-prey complex, etc.). Toward this end,
multivariate techniques, such as principal com-
ponent analysis or discriminant analysis, could be
used to identify appropriate reference lakes. Even
when a reference lake is used, caution must be
exercised when conclusions are drawn from com-
parisons of reference versus manipulated waters
(see Walters et al. 1988).
All studies we reviewed included comparisons
of response variables within the same system be-
fore and after the manipulation. Hurlbert (1984)
termed this "temporal pseudoreplication" because
one cannot determine if changes in predator growth
rate (as an example) resulted from the manipu-
lation or from some other unrelated cause, such
as differences in weather. Hurlbert (1984) had a
dismal view of this study design and argued that
a "situation where a single control area and a single
impact area are available" is intractable statisti-
cally. In contrast, Stewart-Oaten et al. (1986) argue
that the effects of this type of manipulation can
be evaluated statistically with data taken simul-
taneously and replicated in time before the ma-
nipulation, after the manipulation, and at both
control (i.e., reference site) and /mpact sites (termed
BACI design). We suggest that with growth data,
back-calculated measures will suffice, but investi-
gators must monitor a reference lake as well as the
manipulated one. Manipulation effects are quan-
tified by comparing the difference in response vari-
ables between reference and manipulated sites
through time (Stewart-Oaten et al. 1986).
Often, year-to-year variation in the response
variable within a system may be large and there-
fore may influence the ability of the BACI design
to detect changes due to the manipulation. For
example, the abundance of limnetic larval bluegills
decreased by an order of magnitude after threadfin
shad introduction into an Ohio lake, but the re-
duction was not due to the manipulation (DeVries
1989). Consequently, variation across years pro-
duced changes that could have incorrectly been
attributed to the manipulation if only 2 years of
data were used with a BACI design. In such cases,
several years of data collection, before and after
the manipulation, may be required to quantify an-
nual variation.
To achieve adequate replication, multiple sys-
tems should be manipulated. However, given the
extreme cost of monitoring whole systems in re-
sponse to a manipulation, Carpenter (1989) and
Carpenter et al. (1989) have carefully developed
the case for unreplicated, paired-system experi-
ments. Using randomized intervention analysis,
Carpenter et al. (1989) argued that time-series data,
such as those suggested by Stewart-Oaten et al.
(1986), can be tested for changes after a manipu-
lation.
Use statistics. —As discussed earlier, it is critical
that statistics, or at least estimates of variation, be
used in any analysis of a forage-fish manipulation.
Without this crucial component, meaningful con-
clusions are not possible. Often, growth rates be-
fore and after a management manipulation are
compared with back-calculated length-at-age data
(see Summerfelt and Hall 1987). Because fish
growth is a complex response to age and year-
environment effects, estimates of variance appor-
tioned to each of these contributing factors are
required for managers to assess the value of a par-
ticular management manipulation. Consequently,
we support an approach in which variance is ap-
portioned into components attributed to age and
the manipulation (Weisberg 1986; Weisberg and
Frie 1987). This technique basically consists of a
two-way analysis of variance, although single for-
mulas for this explicit technique do not apply
(Weisberg and Frie 1987). Rather, a more general
technique including the use of general linear models
(GLMs), such as the GLM procedure in SAS (SAS
1985), must be applied (Weisberg 1986; Weisberg
and Frie 1987). With this technique, standard sta-
tistical tests can be applied with the explicit goal
of determining whether growth changes have re-
sulted from the manipulation itself or from ran-
dom year-to-year effects.
Do large manipulations in a management con-
text.—By definition, adding forage fishes to water
bodies results in a whole-system manipulation.
Because of the tremendous insight gained from
this sort of technique, aquatic ecologists have em-
braced this approach (see individual chapters in
Carpenter 1988a), although with several caveats.
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First, manipulations should be quite strong, sub-
stantially increasing or decreasing the abundance
of the species of interest (Walters 1986; Kitchell
et al. 1988; Carpenter et al. 1989). Weak manip-
ulations often lead to misleading interpretations
of the role of a species, and monitoring effort is
wasted if the manipulation is so weak as to provide
no effects. In such ill-fated experiments, pre- and
postmanipulation data sets provide essentially no
insight into system function, yet require much time
and effort.
Our own experience in this regard may prove
instructive. While planning a threadfin shad in-
troduction into two reservoirs, we extensively de-
bated the merits of high versus low stocking rates.
Initially, low stocking rates (25-50 adults/hectare)
appeared desirable, for they permitted economical
hauling of adults. (Stocking rates of 250 fish/hect-
are could not be maintained except on an exper-
imental basis). In addition, low stocking rates
would minimize competitive effects between shad
and early life stages of sport fishes. In contrast,
because hauling mortality and poststocking pre-
dation by largemouth bass could be substantial,
high stocking rates might have made sense. Ad-
ditionally, if the introduction failed, at least one
full year of research effort would be lost, including
all of the monitoring effort that year entailed. This
conflict was resolved by stocking at a high rate
with the proviso that future work be directed to-
ward back-titrating to a lower, more economical
stocking rate. We believe this example typifies the
conservative nature of scientists and managers.
Whereas much can be gained from a strong ma-
nipulation, initial tendencies are to design manip-
ulations that lie within the historical experience
of the investigators, and experiments are set up to
"fine-tune" management policy before the limits
of the system are known. We commend the advice
of Walters (1986), who invoked an adaptive man-
agement approach in which management manip-
ulations (as well as research ones) involve testing
the limits of the system. We embrace the per-
spective that argues for participating in more dar-
ing experimental policy with uncertain outcomes
(i.e., stronger manipulations in this context) than
in policies that maintain the status quo (Walters
1986).
Finally, if possible, small-scale, mechanistic ex-
periments should be done concurrently with the
large-scale manipulation. In so doing, underlying
mechanisms for observed phenomena can be
tested, and generalizations for management ap-
plication should emerge (Carpenter 1988b; Kitch-
ell et al. 1988). Coupling these experiments with
strong manipulations in a management context
should yield information that is sufficient for eval-
uating new management strategies.
An Alternative Approach
Though forage-fish management has moved
fishery biology from a simple consideration of sin-
gle-species management to consideration of both
predator and prey, additional system complexity
confounds even this approach (Noble 1986). First,
as is obvious, lake communities are composed of
many trophic levels, all of which interact to some
degree (Carpenter etal. 1985;McQueenetal. 1986;
Crowder et al. 1988; Stein et al. 1988). For ex-
ample, if threadfin shad are introduced into a
largemouth bass-bluegill system, threadfin shad
should increase prey resources for largemoulh bass;
however, because threadfin shad feed on zoo-
plankton, as do larval and adult bluegills, bluegill
and threadfin shad may compete. This competi-
tion may have a negative effect on bluegill (DeVries
1989; also suggested by Kirk and Davies 1987).
System complexity also increases because
changes occur in diet and habitat use as fish grow
(the ontogenetic niche; Werner and Gilliam 1984).
For example, bluegill, crappies, and largemouth
bass all feed on zooplankton as larvae (Werner
1967; Keast 1980, 1985a, 1985b; Beard 1982;
Lemly and Dimmick 1982) and potentially com-
pete with each other at this life stage. However,
as these fish grow, diets change dramatically: blue-
gill diets shift to littoral invertebrates and zoo-
plankton (Turner 1955; Seaburgand Moyle 1964;
Keast 1978, 1985b; Beard 1982); crappie diets
change from zooplankton to fish (Ellison 1984;
O'Brienetal. 1984; Keast 1985a); and largemouth
bass diets change even more quickly than those of
crappies from zooplankton to fish (Applegate and
Mullan 1967; Hamilton and Powles 1979; Keast
1980, 1985a, 1985b; Keast and Eadie 1985). Thus,
shad and crappies can compete at one life stage
and interact as predator and prey as the crappies
grow.
Finally, we must consider how spatial hetero-
geneity affects community interactions in lakes and
reservoirs. Because lakes and reservoirs have
somewhat distinct littoral and limnetic habitats,
any consideration of interactions among fishes must
take into account the habitats occupied. For ex-
ample, if threadfin shad feed in the limnetic zone
and largemouth bass feed in the littoral zone, large-
mouth bass might not experience any positive ef-
fects due to the increased food abundance because
of habitat segregation.
The importance of system complexity in affect-
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ing the overall outcome of forage manipulations
is further illustrated by the results from introduc-
tions of opossum shrimp Mysis relicta (reviewed
by Lasenby et al. 1986). In one of the earliest
documented introductions, M. relicta was intro-
duced into Kootenay Lake, British Columbia, in
1949 in an effort to improve growth rates of rain-
bow trout Oncorhynchus mykiss by providing an
intermediate-size prey for young fish during the
transition from a diet of zooplankton to one of
fish (Sparrow et al. 1964). Although trout growth
increased slightly, the fish did not feed extensively
on M. relicta (Northcote 1973). In fact, eutrophi-
cation that followed the M. relicta introductions
could have been responsible for this growth in-
crease (Northcote 1972, 1973). However, growth
of another species, kokanee Oncorhynchus nerka,
increased substantially, encouraging further use of
M. relicta as a forage supplement (Northcote 1970,
1973). Mysis relicta exhibits diel migration and
therefore influences the benthos during the day
and limnetic zooplankton at night (Lasenby et al.
1986). Because trout rely on limnetic zooplankton
for several years, any impact on this resource by
M. relicta (as documented in numerous lakes; re-
viewed by Lasenby et al. 1986) could negatively
affect trout growth. Thus, the very organism in-
tended to improve adult trout growth could lead
to a decline in juvenile trout growth through com-
petition for zooplankton.
In a forage-fish manipulation, Li et al. (1976)
monitored growth of crappies before and after in-
troduction of inland silverside Menidia beryllina.
They found that growth of piscivorous adult crap-
pies increased significantly. However, crappie
growth through the first 2 years was significantly
reduced, likely due to competition with inland sil-
versides for zooplankton. If reduced growth of
smaller crappies leads to reduced survival, the
overall effect of the introduction of inland silver-
side may actually be negative. In fact, the ultimate
outcome from this manipulation could be some
combination of these opposing effects on different
sizes of the target species.
The results presented here indicate that several
aspects of whole systems must be quantified if we
are to assess how forage-fish manipulations affect
a fish community. Based on our review of manip-
ulations involving gizzard and threadfin shad, po-
tential competition and predation, spatial refuges,
indirect effects through common predators and
prey, and the influence of ontogenetic shifts in
habitat and diet of the target and introduced species
are all critical to being able to predict the influence
of a forage-fish manipulation on a target species.
Conclusions
We feel that a change to a community-oriented
approach to fisheries management is necessary if
we are to make the most rapid advances in our
understanding of how to use forage fishes to im-
prove a fishery. In future studies, better docu-
mentation (including statistical treatment of the
data) is required if we are to gain an understanding
of these manipulations. Only with studies that in-
clude well-designed experiments and appropriate
analysis can management myths be prevented from
perpetuating themselves.
We have the sense that most fishery biologists
believe that the addition of forage fishes will in-
crease the growth of predators and removal of for-
age fishes will increase competitor growth. This
sense is based on our observation that there are
many ongoing shad manipulations across the
country. Our literature review suggests a lack of
documentation indicating that fisheries improve
after forage-fish manipulations. Consequently, un-
til carefully designed field studies are completed,
managers should not assume that shad manipu-
lations will generate positive effects. Whether one
is adding Mysis, silversides, or shad, unanticipated
system-wide effects can dramatically undermine
even the best-intentioned efforts.
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